ABSTRACT The wave disturbances rejection control problem for linear discrete jacket-type offshore platforms with delays in measurement and actuator is studied. Taken the delays in measurement and actuator into account, the linear model of the jacket-type offshore platform is established in discrete domain, in which the external wave forces are generated from a designed exosystem based on the JONSWAP wave spectrum and linearized wave theory. A delay-free model from the model of the jacket-type offshore platform with delays in measurement and actuator is formulated based on a designed discrete transformation vector, and the system output with delays in measurement is reformed into a corresponding delay-free form. Then, the discrete near-optimal wave disturbances rejection controller (NOWDRC) is derived from the reformed delay-free system and the corresponding system output in respect of an average quadratic performance index, which is made up of a system state feedback item, a wave disturbances feedforward item and a controller memory item. Finally, simulation results demonstrate that the system output under proposed NOWDRC, including the displacement and velocity of the jacket-type offshore platform, can be offset to smaller values than those under a classic feedback optimal vibration controller, and the delays in measurement and actuator can be compensated effectively.
I. INTRODUCTION
Offshore platforms have a great effect on modern marine production, such as drilling operation, the gas or oil exploration, and ocean transportation. However, many irresistible natural phenomenons threat to the safety and stability of offshore platform, such as irregular wave force, severe weather and earthquake [1] - [4] . Therefore, designing the feasible structures and reasonable control schemes for offshore platforms is significant in ensuring the safety marine production. In practice, four types of offshore structures are implemented that including the jacket-type offshore platform, the concrete gravity platform, the tension leg platform and the guyed cable platform [1] . The jacket-type offshore platform is the most common kind of offshore structure that can weigh up to 20,000 tonnes. Due to the requirements of improving the control performance and robustness capability of the jackettype offshore platform, various passive and active control strategies have been employed [5] - [9] . Due to the limitations of passive control schemes that unsatisfying the performance4 requirement and consuming the huge control forces, various active disturbances rejection control schemes have been proposed to satisfy the control performance requirements of the offshore platform based on the control theories non-fragile control theory [10] , sliding mode theory [11] , [12] and H ∞ control theory [13] , [14] .
Jacket-type offshore platforms are generally with complex structure in water depths exceeding 1000 feet. The legs and structures of jacket-type offshore platform are inevitable shocked caused by external irregular wave forces [4] . In order to guarantee the safety and stability of jacket-type offshore platform, many researchers have devoted to designing the vibration control schemes under irregular ocean wave. By using mixed control theory and linear matrix inequality technique, a robust mixed active controller was designed to shrink the upper boundary of the system performance under some norm bound constraints in [8] ; based on the information of current and delayed system states, a novel sliding mode control scheme was proposed in [9] so that the uncertainties and wave-induced force was compensated effectively; by combining the sliding mode control theory and the adaptive control technique, an adaptive sliding mode control scheme was designed to eliminate the displacement of offshore platform and tracking the desired attenuation in [11] ; considering the parameter perturbations in [12] , a robust sliding mode H ∞ controller was proposed so that the oscillation amplitudes was reduced.
In the advanced jacket-type offshore platform, the electronic devices are integrated through a communication network, such as sensors, actuators and digital controllers [15] , [16] . Many researchers have paid more attention to designing the effective control schemes for network-based offshore platform. For example, the oscillation amplitudes could be arranged to a small range nearing 0 by employing a non-fragile sampled-data controller; for the steel offshore platform, the stability can be guaranteed based on a network-based state feedback control scheme with small control force in [17] ; based on the LyapunovKrasovskii functional approach, an networked-based eventtriggered control scheme was designed to guarantee the stability of offshore structure in [18] . The vibration of jackettype offshore platform could be offset under the above control schemes effectively.
Delays in measurement and actuator are inevitable caused by the complexity and diversity of sensors and actuators, especially for digital control systems [19] . Focusing on the actuator technologies, the inevitable delay consists of calculation time for complex control strategy and transmission time for transmitting the control signals from digital controller to actual actuator [20] . Unfortunately, the unsafety and instability of offshore platform usually are caused from the delays in actuator [21] . Meanwhile, for sensor technologies, the measurement delays result from online data acquisition and signal conversion. Then the accurate and real-time requirement for system output cannot be satisfied. It is unavoidable that the feedback loop will be with delayed components [22] . Therefore, while designing a reasonable vibration control scheme, the influence derived from delays in measurement and actuator must be taken into consideration for improving the control performance and guaranteeing the stability of jacket-type offshore platform. In general, the optimal disturbances rejection control theories provide efficient support for offsetting the external disturbances and obtaining the good control performance with smaller control requirements. However, the two-point-boundary-value (TPBV) problem with delayed and advanced items will be induced from the optimal disturbances rejection control problem for delayed discrete control systems [16] , [22] - [24] . Thus, how to design a reasonable disturbances rejection control scheme for discrete jacket-type offshore platform with delays in measurement and actuator is an important topic for offsetting the offshore platform vibration caused by the irregular wave force and satisfy the control performance requirement of the jacket-type offshore platform. This is the motivation of this paper.
On the whole, the contributions of this article are twofold. On the one hand, different from the proposed modeling and the control strategies, the discrete jacket-type offshore platform is established incorporated with the delays in measurement and actuator. On the other hand, a discrete nearoptimal wave disturbances rejection controller (NOWDRC) is proposed to offset the vibration caused by external irregular wave force and compensate the delays in measurement and actuator. It results an easy implementation without complex computation. Specifically, by designing a transformed vector and a reformed system output, the delay discrete offshore platform is converted to a delay-free form. Then the NOWDRC is designed based on the unique solutions of Riccati equation and Stein equation. By discussing the values of displacement and velocity of a discrete jacket-type offshore platform under NOWDRC and FOVC, the developed NOWDRC can achieve the better control performance than ones under FOVC. Meanwhile, the demand for the control forces with the designed NOWDRC is smaller than ones under FOVC. This paper is organized as follows. The delay-free discretetime model of jacket-type offshore platform and irregular wave force are presented in Section 2. The NOWDRC is developed in Section 3. In Section 4, a jacket-type offshore platform is used to illustrate the effectiveness of the proposed NOWDRC by comparing with a classic FOVC. Some concluding remarks are given in Section 5.
II. MODELING OF DISCRETE JACKET-TYPE OFFSHORE PLATFORM
A discrete model of jacket-type offshore platform with delays in measurement and actuator is established first in this section. Then the external irregular wave forces are generated from a designed exosystem based on the JONSWAP wave spectrum and linearized wave theory. A discrete model for shore platform with non-appearance delay is derived from a transformed vector and corresponding system output.
A. JACKET-TYPE OFFSHORE PLATFORM WITH DELAYS IN MEASUREMENT AND ACTUATOR
A simple jacket-type offshore platform with signal degree of freedom (SDOF) is displayed in Fig. 1 , where an active tuned mass damper (AMD) is placed on the top of offshore platform and with a hydraulic servo transmission system, which can generate the control force u. The offshore platform is under the external irregular wave force f . x 1 is the corresponding modal related to the deck movement of the jacket-type offshore platform; the displacement of the AMD is named 
where m 1 , ω 1 and ξ 1 denote the modal mass, frequency, and damping ratio of jacket-type platform, respectively; m 2 , ω 2 and ξ 2 are the mass, frequency, and damping ratio of the AMD. y(t) denotes the delayed system output, which consists of the displacement and velocity of the deck motion of the offshore platform; τ s and τ a are the delays in sensor and actuator, and
While setting the sampling period as T in the digital control system for offshore platform, the discrete jacket-type offshore platform model related to (2) can be obtained as
where
Remark 1: The displacement x 1 and velocityẋ 1 are chosen as the system output to meet the performance requirements. Due to the limitations of sensor and actuator technologies, the measurement delay h s and actuator delay h a are inevitable in the process of development of the jacket-type offshore platform.
B. IRREGULAR EXTERNAL WAVE DISTURBANCES
The external irregular wave force is random and quite irregular. The strongest irregular wave is in the horizontal direction of ς-axis for a typical offshore platform. The sharp expression of ocean wave can be obtained from JONSWAP wave spectrum, which is described as
where H s and ω denote the wave height and frequency, γ is the peakedness parameter related to the H s , δ = 0.09 (ω > ω 0 ) and δ = 0.07(ω ≤ ω 0 ). Based on the linearized wave theory, the horizontal acceleration α(t, ς) in the horizontal direction of ς-axis can be expressed as
and the horizontal velocity v(t, ς) of the water particle in the horizontal direction of ς -axis can be expressed as
where d denotes the ocean depth, n and η(t) denote the irregular wave number and height. Then, the unit irregular wave force p(t, ς) in the horizontal direction can be calculated from the following equation
where 2 ; the density of ocean fluid is marked as ρ, d e denotes the platform leg's diameter, the drag and inertia parameters are marked as C d and C m , respectively. Then the total external irregular wave force f (t) can be obtained from the following integral item
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we havev
where ε j denotes random phase angles in the range of 0 π . Defining the state vector w(t) = v(t)v(t) T and setting
, the irregular wave force f (t) can be arranged as the following designed exosystem output
Then the discrete-time form of equation (9) could be expressed as
where G = e G c T . For each eigenvalues λ i (G) of matrix G, the following condition is satifsied, which is described as
Thus the pair of (F, G) is completely observable. Remark 2: Noting the eigenvalues λ i (G) of matrix G in (11), the output f (k) is asymptotically stable based on the classic control theory.
Remark 3: Applying the optimal theory to this vibration control problem, it is difficult to obtain the values of ∂x(k − h s )/∂x(k), ∂x(k − h s )/∂u(k), ∂u(k − h a )/∂x(k) and ∂u(k − h a )/∂u(k). Therefore, the solution of corresponding TPBV problem cannot be obtained.
C. DELAY-FREE TRANSFORMATIONS FOR JACKET-TYPE OFFSHORE PLATFORM
Due to the inevitable actuator delay h a and measurement delay h s , the TPBV problem with advanced items and delay items will be induced based on the optimal vibration control theory, which is difficult to seek the exact solution. By designing the following transformation vector and system output
the delay model (3) is reformed into a delay-free form, which is given by
It should be pointed that the designed system output y 1 (k) consists of delay-free system state ϕ(k) and control memory
Therefore, y 1 (k) is physically realizable system output.
III. DESIGN OF NOWDRC
The wave force f (k) is asymptotically stable. It is unavoidable for offshore platform that the displacement x 1 , velocityẋ 1 and control force u(k) cannot converge to zero simultaneously. Therefore, the classic performance index cannot converge to zero comprising of output y(k) and control energy u(k). Therefore, replacing the classic performance index, the following average quadratic performance index is chosen for the optimal disturbance rejection control problem, which is given by
where Q ∈ R 4×4 denotes a positive semi-definite matrix to describe the weight factors among different performance requirements, and R > 0 ∈ R is a defined constant weight.
Because of Q = Q T ∈ R (4×4) , the pair (A, B 1 , C 1 ) is completely controllable and observable.
Then the aim of this research article is to design a NOW-DRC u * (k) for delay-free system (13) and irregular wave force (10) with respective to the chosen average quadratic performance index (14) so that performance index (14) reaches the minimum value. In order to design the NOWDRC u * (k), the following Lemma is given first.
Lemma 1: Let A 1 ∈ R n×n , B 1 ∈ R m×m , and X ∈ R n×m . The matrix equation
has a unique solution X if and only if
where λ(·) denote eigenvalues of matrix [23] . Then the NOWDRC u * (k) is described in the Theorem 1 detailed.
Theorem 1: Discuss the optimal disturbance rejection control problem for jacket-type offshore platform (3) with delays in measurement and actuator, and the irregular wave force (10) with respect to the average quadratic performance index (14) , NOWDRC exists uniquely and is expressed as
where P 1 is the unique positive-semi-definite solution of the following Riccati matrix equation
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Proof: Applying the optimal disturbance rejection control theory and the maximum principle, the following TPBV problem without advanced items and delay items can be obtained
Then the optimal disturbance rejection controller can be designed as
The following vector λ(k + 1) is employed to seek the solutions of TPBV problem (20) , which is described as
From TPBV problem in (20) and vector λ(k) in (22), one gets
Integrating (22), the second formulas of (20) and (23), one gets
Observing the parameters of (22) and (24) with the same items, we can obtain the Riccati equation and Stein equation with the form of (18) and (19), respectively. Noting completely controllability and observability of the pair (A, B 1 , C 1 ), P 1 is the unique positive-semi-definite solution of (18) . Next, we will prove the unique of the matrix P 2 . From (11) and (23), one gets
where µ i (·) are eigenvalues of matrix. From (11) and Lemma 1, one gets
Therefore, the unique solution of Stein matrix (19) can be obtained from P 2 . Thus the NOWDRC (17) is existence and unique.
IV. SIMULATION EXAMPLES
In order to versify the effectiveness of the designed NOWDRC, we will employ a simple offshore platform modeled in Section 2. The parameters of jacket-type offshore platform and AMD are assigned as follows [23] : the first modal mass of platform m 1 = 2371100 kg, the nature frequency of platform ω 1 = 2.20 rad/s, the structure damping ratio of platform ξ 1 = 4%, the equivalent characteristic diameter of platform legs d e = 1.7 m, the mass of AMD m 2 = 11855 kg, the nature frequency of AMD ω 2 = 2.33 rad/s, and the structure damping ratio of AMD ξ 2 = 9.32%. Setting sampling period as T = 10 ms, the values of matrices in (3) can be calculated and described as 
Meanwhile, in order to simulate the irregular wave force, the following coefficients are applied: the drag coefficient C d = 1.2, the water depth d = 13.2 m, the density of ocean fluid ρ = 0.09, and the inertial coefficient
Based on the statement in Section 2, the irregular wave force f (k) calculated from (10) is displayed in Fig. 2 . For the purpose of comparison, the open-loop (OL) system and a classic feedback optimal vibration controller (FOVC) are introduced, in which FOVC is given by
The weight matrices of performance index (14) are chosen as Q = diag{100, 100}, and R = 1. By applying proposed NOVC (17) Meanwhile, in order to illustrate the ability of compensating the delays in measurement and actuator, the performance index values, the peak values and the root-meansquare (RMS) values of the velocity, displacement and control force are listed in Tables 1-3 under the different delays with (h a , h s ) = (10, 15) ms, (h a , h s ) = (15, 20) ms and (h a , h s ) = (20, 30) ms. It could be pointed that the minimum values of peak value, RMS value for the velocity, displacement and the control force under difference control schemes are marked by bold type in Tables. 1-3. From the data analysis perspective, it can be seen from Table 1 , under NOVC with different delays in measurement and actuator, the average performance index of jacket-type offshore platform is reduced by 85.42%, while under FOVC, it is reduced by 12.26% relative to one of OL system. From Table 2 , the average peak values of the displacements and velocities for offshore platform are reduced by 50.87% and 68.63% under the proposed NOVC respectively, while under FOVC, they are reduced by 13.95% and 28.25% relative to ones of OL system. From Table 3 , for RMS values of the velocity and displacement, the average values under NOVC are reduced by 47.56% and 78.09% relative to ones of OL system, while under 49642 VOLUME 6, 2018 Meanwhile, noting the situation under h a = 20 and h s = 30, the peak and RMS values of the velocity and displacement of offshore platform under NOVC are almost smaller than those under FOVC. However, the control energy under NOVC is larger than FOVC along with increasing of delays in measurement and actuator. However, the peak and RMS values of the velocity, displacement and control energy under NOVC can be reduced compared with OL systems.
To sum up, the proposed NOVC can offset the irregular wave forces, and compensate the delays in measurement and actuator for jacket-type offshore platform with smaller control forces effectively.
V. CONCLUSION
In this paper, the design problem of optimal vibration controller for jacket-type offshore platform under delays in measurement and actuator has been investigated. Based on the JONSWAP wave spectrum and linearized wave theory, the irregular wave force was described as an output of exosystem. Moreover, by employing a transformation vector, a delay-free system and corresponding system output were designed to reform the delay offshore platform to a delay-free form. Based on optimal control theory, a nearoptimal vibration controller was derived from Riccati equation and Stein equation with respect to an average quadratic performance index. Finally, by discussing the peak values and RMS values of the displacement and velocity of jackettype offshore platform, the effectiveness of the proposed NOVC has been illustrated compared with open-loop system and a FOVC.
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